A prototype annular electromagnetic flow coupler was tested with high temperature sodium and it worked successfully, verifying the operational principle.
A prototype annular electromagnetic flow coupler was tested with high temperature sodium and it worked successfully, verifying the operational principle.
The pump head-flow characteristics of the coupler were first clarified from an analysis of its equivalent electric circuit.
The pump head and the generator pressure drop decrease linearly with the pump flow rate under the conditions of constant generator flow rate and external magnetic flux density. The gradients of the linear changes are given by ratios of equivalent resistances in the electrical analog, and are independent of the generator flow rate, if the magnetic flux density is kept constant. Sodium tests of the prototype confirmed the above results when the Hartmann number of the test conditions is larger than 170. Both ratios of the differential pressures and the volumetric flow rate between pump and generator ducts exceed 50% while the wall loss of around 40% appears at peak efficiency due to the lack of electrical insulation and the relatively large wall thickness. The peak efficiency of the prototype coupler decreases with the sodium temperature at the rate of (2.33+-0.21) X10-2 %/dc from 200 to 400dc and increases with the external magnetic flux density at 5.8+-0.1 %/T from 0.36 to 0.60 T. KEYWORDS A DC electromagnetic flow coupler for liquid sodium has attracted attention during recent development activities of fast breeder reactors (FBRs)(1) (2) . The electromagnetic flow coupler consists of two parallel ducts under a transverse magnetic field. When the conducting fluid in one of the ducts is externally circulated, the duct works as a low voltage and high current DC power supply. With the transverse magnetic field, the induced current provides a pumping force to the fluid in the adjacent duct, realizing a high efficiency sodium pump. When the sodium flow in the secondary loop of the FBR is used as a generator flow, the primary sodium flow is produced without a mechanical pump.
Analytical studies for the flow coupler have already been reported(2)~(5), but experimental ones are very limited. Horiba et al. (6) have measured pressure differences and efficiency of the coupler with rectangular copper ducts using NaK at room temperature as a working fluid. However, coupler measurements
have not yet been performed by using sodium at a realistic high temperature.
The properties of sodium as a working fluid restrict materials employed for structures and the electric insulator of the coupler. From an applicational viewpoint, an annular electromagnetic flow coupler is also attractive in which rectangular ducts are arranged in an annulus ( Fig.1) , Since the electric current path is closed within the annulus, the coupler does not require a copper bus bar which cannot be used in high temperature sodium. No study has, however, been made on the annular electromagnetic flow coupler.
Further, the pump head-flow Fig. 2 , the flow duct is approximated as rectangular ; curvature of the side wall is ignored. The height of the rectangular duct (2b) is given by dividing the average circumference of the annular duct by the number of pairs. Since the boundary layers along the side walls are very thin, the leakage current through those layers is much smaller than that through the side walls. Hence, as Fig. 2 indicates, the inner surfaces of the side walls are assumed to be electrically insulated. Further, the sodium velocity profile is assumed to be uniform in both ducts. yields a driving force (BIp)/(2a) (=pressure gradient, dp/dz) to the sodium in the pump duct. The induced flow rate in the duct depends on the flow resistance of the external flow conduit. When the sodium flow of QP is obtained, the back emf of (QPB)/(2a) appears in the pump duct. In addition, a part of the electric current from the generator duct leaks out to the side wall through the separator.
The discussions above give a lumped equivalent circuit (Fig. 3) which ignores the edge effect appearing outside the inlet and outlet of the duct under a decaying magnetic field. Since the electric potential at the top wall of the generator duct is the same as that at the bottom wall of the pump duct in the annular flow coupler, both of them are electrically shorted in Fig. 3 . In Fig. 3(a) , RG and RP 
2. Pump Head-flow Characteristics
As long as the external magnetic flux density is kept constant, the volumetric flow rate of the pump duct QP is proportional to the back emf EP. In the mean time, the pump head is given by (6) and is proportional to the electric current IP if the friction loss is ignored. The effect of the friction loss is small when the Hartmann number M is greater than 100 in the usual flow coupler designs. Equation (3) yields the following pump head-flow characteristics equation (7) In the same way, the pressure drop in the generator 'duct is given by (8) Since the equivalent resistances are constant for a specific flow coupler, the obtained equations indicate that both pressure differences change linearly with QP (or QG) when QG (or QP) is constant. Further, the gradients of the changes are independent of QG (or QP) and are constant. The straight lines, which have the same gradient, move into one straight line if the y or x value is normalized by the intercept of the y -or x-axis since the intercepts become unity after normalization.
Hence, the relation between the differential pressure Dp and the volumetric flow rate Q is given by one straight line, independently of the flow rate in another duct if Dp is normalized by the intercept of the y-axis or if Q is normalized by that of the x-axis. In the case of the pump head-flow characteristics, the y-axis intercept corresponds to the dead head since QP=O, while that of the x-axis corresponds to the maximum flow rate realized in the external conduit with no friction since Dpp=0. When QP=O, that is, dead head operation, Eqs. (7) and (8) yield (9 ) (10) By introducing Eqs. (9) and (10) into Eqs. (7) and (8), respectively, their dimensionless forms are obtained as follows:
In measurement of differential pressures and flow rates during operation with constant QG, the above equations give
since QG=QG,DH=constant. Both dimensionless differential pressures change linearly with the flow ratio between the pump and the generator ducts. This linear relation holds even if the friction loss is included assuming laminar flow in the ducts, that is, the friction loss factor is inversely proportional to the fluid velocity. The quadratic term of the flow ratio appears in the characteristics equation when the constant friction loss factor for the turbulent flow is assumed.
The maximum ratio of the flow rate obtained in the flow coupler is given by taking D pp=0 in Eq. (13) as (15) The maximum ratio of the differential pressures is obtained from Eqs. (9) and (10) (1) The energy consumed in the inducement of the pump flow EpIp (2) The ohmic losses in the sodium and the side wall RGI2G+RPI2P+RWI2W (3) The viscous dissipation losses in both ducts. The third term is usually negligible.
The ratio of the differential pressure between two ducts is obtained from Eqs. (7) and (8 coupler. The axial length of the flow duct is 1.0 m, excluding the non-magnetized inlet and outlet regions which are about 0.1 m long. Six electromagnets generate a radial magnetic field in the annular ducts. The exciting current in the coil around the annulus channel produces a magnetic field in the core and its field lines cross the annulus and, after going through the stator, return to the core. Since the exciting current changes its direction from magnet to magnet, the radial field lines of any two adjacent magnets cross the annulus in the same direction, that is, outward or inward. 
C alibration of Instrnmpnts
The pressure gauges and flowmeters are calibrated whenever the sodium temperature is changed.
By closing valves V-2, V-4 and V-7 in Fig. 4 , the sodium flow from the level tank to the dump tank is used in calibration of the electromagnetic flowmeters F-1 and F-2. The time integral of the output voltage during the interval, determined from two level gauges in the level tank, is compared with the volume of the tank between those level gauges' heights.
This comparison provides the multiplication constants necessary to convert the output voltage into volumetric flow rate. The measurement error of the flowmeter is +-5.0% which originates mainly from uncertainties of level measurement by the gauge. Since the flow rate during the above calibration is limited to less than 1.6x 10-3m3/s, relative calibrations between two flowmeters are performed at high flow rates by closing valves V-2, V-4, V-6. The sodium in the dump tank is pumped and flows through two flowmeters without any flow branching. The measurement error in flow ratio between the pump and the generator duct is evaluated as +-0.1% based on the 95% confidence limit of the gradient in the least square fitted line of calibration data. Results at different sodium temperatures give measurement errors of the same order.
A high precision pressure gauge for low temperature gas (strain gauge type, +-1 kPa), is installed in the cover gas line and used for calibration of the four pressure gauges for high temperature sodium. The calibration is made by changing the cover gas pressure The pump head-flow characteristics of the prototype annular electromagnetic flow coupler are measured by changing the opening of the flow control valve, V-3 after closing valves V-5 and -7 and isolating the secondary loop from the primary one. After the separation, the exciting current in the electromagnet is adjusted to the test conditions value and is regulated around it to within +-0. The test conditions are summarized in Table 1. IV . RESULTS AND DISCUSSION Table 1 ). The
Test Results
Hartmann number of the generator or pump flow was 226. Four symbols in the figure correspond to different volumetric flow rates in the generator ducts which were kept constant during each measurement. The measurement error of the differential pressure is about +-10 kPa and almost equal to the size of the symbols in Fig. 7 . The straight lines are obtained by least square fitting of the data. The pump head increases on closing the flow control valve V-3 (cf. Fig. 4) , which decreases the volumetric flow rate induced in the ducts. As shown in Fig. 7 , the pump head decreases linearly with an increase of the flow rate as long as the generator flow rate is kept constant.
The quadratic behavior of the pump head decrease appears against its flow rate at a Hartmann number equal to 70. Further, the gradients of the fitting straight line are independent of the generator flow rate and are much the same. These measurement results verify Eq. (7) and appear to prove the validity of the equivalent circuit assumed for the flow coupler. Figures 8 and 9 show the pressure rise in the pump ducts and the pressure drop in the generator ducts taking the flow rate ratio QP/QG as the abscissa for the same test as above. The lines in the Figs. 8 and 9 are obtained by the least square fitting of the data. The linear dependence of the pressure Table 1 Test conditions of pump head and flow characteristics measurements Fig. 9 ) and the analysis (Eq. (8)).
A non-dimensional presentation for the pump head is shown in Fig. 10 , as well as the pressure drop in the generator. The pressure differences in the pump and the generator ducts during dead head operation are calculated from the least square fitting of the data shown in Figs. 8 and 9 , and are used in the normalization of those data such as DPP/DPP,DH in Eq. (13). The lines in the figure are, also, the regression lines of the least square fitting of the data. All data for different generator flow rates are on one straight line for the pump or the generator.
This result indicates that the adopted lumped equivalent circuit simulates very well the operational characteristics of the prototype annular flow coupler.
The efficiency of the prototype annular flow coupler is shown in Fig. 11 . The plots are calculated by Eq. (17) from the differential pressures and the volumetric flow rates measured in the pump and the generator ducts. The error bar on efficiency is +-1%, based on the precision in the pressure and volumetric flow rate measurements.
The fitting curve is drawn by using Eq. (18) with the evaluated ratios of the equivalent resistances from experimental data which are discussed in the next section. The maximum efficiency obtained in the prototype coupler is 27+-1% for sodium at about 300dc and an external mag- 
Evaluation of Equivalent
Resistances Ratio
As shown in Eqs. (13) and (14), the ratios of the equivalent resistances RP/RW and RG/ RW can be estimated from the gradients of the regression lines in Fig. 10 . The gradients of the regression lines in which the intercept of the y-axis is fixed as one indicate that RG/RW is equal to 0.222+-0.014 and RP/RW, to 0.309+-0.037 where the uncertainties are one standard deviation. The calculated value of RP/ RW or RG/RW from the dimensions of the ducts in the prototype is 0.160 in which the sodium is assumed to be electrically insulated from the walls, that is, full circumferential lengths are used in the calculation of the equivalent resistances.
The larger RP/RW or RG/RW obtained from the test results indicates that the actual RW is smaller than the calculated, or the actual RP and RG are larger than the calculated.
The resistance ratio RG/RP becomes 0.718+-0.097, that is, the equivalent resistance of the sodium in the generator duct is less than that in the pump duct. The equivalent resistance of the sodium in the duct against the driving, i. e. y-direction electric current is equal to b/(2aLs) if the sodium is insulated from the side walls. Since the dimensions and the sodium temperature of both pump and generator ducts are almost the same, RG must be equal to RP (that is, the insulator or perfect conductor (7)(8) The energy losses normalized with the input energy are shown in Fig. 12 against the flow ratio QP/QG. Losses were calculated by Eqs. (18), (21), and (22) with the experimental results of RG/RW and RP/RW. Both ohmic losses of the sodium in the generator and the pump ducts decrease with the flow ratio, while loss of the side walls increases. The back emf in the pump duct increases with its flow rate which decreases the electric current intake from the generator ducts and increases the leakage current to the side walls. At the peak efficiency QP/QG=0.53, 40% of the input energy is lost to the walls. For the present prototype flow coupler, ordinary piping materials are used as the inner and outer tubes. Their thicknesses are relatively large which yield a smaller equivalent resistance compared with that of sodium in the duct. Hence the leakage current from the generator duct causes a large ohmic loss in the walls. The electrical conductivity dependence of liquid sodium on its temperature is large, while the conductivity of the stainless steel is almost constant with temperature.
The conductivity ratio between sodium and steel decreases from 6.9 to 4.9 over the temperature range of 200~400dc which may seriously deteriorate the operational characteristics of the flow coupler.
So, the head and flow characteristics of the prototype were measured while changing sodium temperature under a constant magnetic flux density. The changes of the measured efficiencies are shown in Fig. 14. As given in Table 1 , the maximum magnetic flux density of the external field is 0.480 T (Runs 1~5). The fitting curves in the figure were calculated by Eq. (18) based on the measured ratios of RG/Rw and Rp/RW at 300dc. The resistance ratio at other temperatures was estimated, assuming the thicknesses of the boundary layer along the inner and outer walls and changing the conductivities of the sodium and the stainless steel according to the working temperature shown Table 1 . Although data scattering appears, the tendency for the coupler efficiency to decrease is predicted well by the fitting curves indicating that the decrease in the conductivities with temperature is a principal factor in deterioration of coupler efficiency. The decreasing rate of the peak efficiency with increasing temperature is (2.33+-0.21)x10-2 %/dc which appears to be small, since a 100-C increase in working temperature reduces the efficiency by only 2%. Figure  15 shows the measured efficiencies for different magnetic flux densities (Runs 3, 6, 7 in Table 1 ).
The sodium temperature is about 300dc in the (1) The pump head and the pressure drop in the generator ducts decreased linearly with the pump flow rate under constant generator flow rate and external magnetic flux density when the Hartmann number was large, i.e. at least greater than 170. (2) The gradients of the straight lines which correlated the two pressure differences with the pump flow rate were independent of the generator flow rate and were given by the ratios of lumped equivalent resistances between the sodium in the ducts and the walls. (3) The measured coupler efficiencies correlated very well with the flow rate ratio between the pump and the generator ducts using a function of the equivalent resistance ratios which was obtained from the regression lines of the pressure differences against the flow rate ratio. (4) Both ratios of the differential pressures and the volumetric flow rates between pump and generator ducts exceeded 50% while wall loss of around 40% appeared at the peak efficiency in the prototype due to lack of electrical insulation and the relatively large wall thickness.
(5) The decreasing rate of the peak efficiency 
